Aire controls immunologic tolerance by inducing a battery of thymic transcripts encoding proteins characteristic of peripheral tissues. Its unusually broad effect is achieved by releasing RNA polymerase II paused just downstream of transcriptional start sites. We explored Aire's collaboration with the bromodomaincontaining protein, Brd4, uncovering an astonishing correspondence between those genes induced by Aire and those inhibited by a small-molecule bromodomain blocker. Aire:Brd4 binding depended on an orchestrated series of posttranslational modifications within Aire's caspase activation and recruitment domain. This interaction attracted P-TEFb, thereby mobilizing downstream transcriptional elongation and splicing machineries. Aire:Brd4 association was critical for tolerance induction, and its disruption could account for certain point mutations that provoke human autoimmune disease. Our findings evoke the possibility of unanticipated immunologic mechanisms subtending the potent antitumor effects of bromodomain blockers. 
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immunological tolerance | thymus | Aire | bromodomain protein | transcriptional elongation O ne of the more recently discovered mechanisms of immunologic tolerance is centered on the transcriptional regulator, Aire (reviewed in refs. 1 and 2). This intriguing protein is expressed primarily in medullary epithelial cells (MECs) of the thymus, where it controls the expression of a battery of genes, the products of which are typically associated with fully differentiated parenchymal cells residing in the periphery, so-called peripheraltissue antigens (PTAs) (3) . Aire-dependent PTA transcripts number in the thousands, including representatives from a score of organs (4, 5) . These transcripts are translated into proteins, and derivative peptides are presented by major histocompatibility complex (MHC) molecules displayed on the MEC surface. MHC: PTA-peptide complexes mold the T-cell repertoire by inducing negative selection of self-reactive specificities (6) (7) (8) or by promoting positive selection of regulatory T cells (9, 10) . By a stillobscure mechanism, Aire-induced MEC-generated peptides are also cross-presented by local dendritic cells (8, 10) . As a consequence, humans and mice harboring a defective AIRE/Aire locus develop multiorgan autoimmunity (1, 2).
Aire's molecular mechanism of action has been enigmatic. Several of its structural domains are found in other transcriptional regulators; for example, a CARD (caspase activation and recruitment domain), a nuclear localization signal, a SAND (Sp100, Aire-1, NucP41/75, Deaf-1) domain, and two PHD (plant homeodomain) zinc fingers (1, 2) . However, the large number of genes whose expression Aire affects and the vast geographic, temporal, and quantitative variety of these genes' expression in nonthymic cells suggest that it may not operate as a classical transcription factor, binding to a promoter or enhancer element and simply turning transcription up or down. Indeed, recent data derived from a variety of experimental approaches argue that Aire's major modus operandi is to release promoter-proximal RNA polymerase II (Pol-II) pausing (11) (12) (13) .
It has become increasingly clear that the regulation of Pol-II pausing is a major nexus of transcriptional control (14) , and the focus of transcription factors as diverse as NF-κB (15) , c-Myc (16) , and HIF1A (17) . Upon Pol-II recruitment to a gene promoter, serine-5 residues within a repeated motif in its carboxyl-terminal domain are phosphorylated by the general transcription factor TFIIH, launching transcription (reviewed in ref. 18 ). Pol-II continues for 20-60 base pairs, but is then blocked from proceeding further by the action of dominant pause factors. For transcription to continue, the block must be released by the elongation factor P-TEFb, composed of a kinase (CDK9) and a cyclin (CycT1/T2/K). P-TEFb phosphorylates the pause factors, surmounting their blockade, and also phosphorylates serine-2 residues in the repeated motif of Pol-II's carboxyl-terminal domain, further facilitating transcription by creating a platform for the binding of chromatin modifying factors, RNA processing enzymes, nuclear export factors, and so on.
Significance
Aire is an enigmatic transcription factor that controls immunologic tolerance by inducing, specifically in the thymus, a battery of transcripts encoding proteins not usually encountered until the periphery, thereby promoting negative selection of selfreactive thymocytes and positive selection of regulatory T cells. We document a striking correspondence between those genes induced by Aire and those inhibited by a small-molecule inhibitor of the bromodomain protein Brd4. Aire and Brd4 directly interact, dependent on an orchestrated series of phosphorylation and acetylation events. Aire:Brd4 engagement draws in P-TEFb, mobilizing the transcription and splicing machineries and inducing transcription. Blocking the Aire:Brd4 interaction inhibits negative selection of self-reactive T cells in mice, and pointmutations of Aire that abrogate this association give rise to autoimmune disease.
Where does Aire fit into this scenario? Here we focus on its interaction with a critical regulator of Pol-II pausing, the bromodomain-containing protein, Brd4 (19) . As a member of the bromodomain and extraterminal domain (BET) family of proteins, Brd4 contains tandem bromodomains, BD1 and BD2, which bind to acetylated lysine residues on diverse proteins, and also harbors an extraterminal domain at the carboxy end that recruits P-TEFb. Brd4 exploits diverse tethers to recruit P-TEFb to transcribable chromatin: acetylated H3 and H4 histones, the Mediator complex, or particular nonhistone proteins; notably, NF-κB (20, 21) , p53 (22) , and Twist (23) . Our findings argue that Brd4, recruited in response to an orchestrated series of posttranslational modifications of Aire's CARD, bridges Aire and P-TEFb to release promoter-proximal Pol-II pausing and induce transcription of a broad swath of genes. As a consequence, pharmacologic inhibition of the Aire: Brd4 interaction compromises immunologic tolerance, and abrogation of this association can explain certain mutations in patients with autoimmune polyendocrinopathy/candidiasis/ectodermal dystrophy (APECED).
Results
The BET Protein Inhibitor, I-BET151, Selectively Suppresses the Expression of Aire-Induced Genes in MECs To determine whether Aire's effect on MEC gene expression depends on Brd4, we examined the effect of a small-molecule bromodomain blocker on the MEC transcriptome. I-BET151 is a selective and potent inhibitor of BET proteins, displacing them from chromatin by competing with histone and nonhistone acetyllysine residues for bromodomain binding (24) .
Mice were injected intraperitoneally (ip) with 10 mg/kg I-BET151 every day for 3 d, MECs (CD45 −   Ly51   lo   MHC-II hi cells) were sorted by flow cytometry, and RNA was isolated and profiled using microarrays. Under these conditions, the overall effect of I-BET151 on the MEC transcriptome was surprisingly mild, with the expression of few genes changing more than twofold (Fig. 1A) . However, a volcano plot comparing MEC transcripts from mice treated with the inhibitor versus vehicle (DMSO) alone revealed the known set of Aire-induced transcripts to be selectively down-regulated (P = 5.1 × 10 −51
) and, conversely, Aire-repressed Normalized microarray-determined expression values for MECs using data from A-F (mean ± SD). (Right) Summary of intracellular expression of Brd4 in MECs determined from flow cytometry data. MFI in individual mice (mean ± SD). In G and H, ns = not significant.
transcripts to be preferentially up-regulated (P = 4.9 × 10 −5 ) (Fig. 1B) . That expression of Aire-induced genes was specifically targeted by the inhibitor was highlighted by a fold-change/foldchange (FC/FC) plot comparing the transcriptional effect of I-BET151 with that of the Aire-knockout (KO) mutation: the more a locus was up-regulated by Aire, the more it was down-regulated by BET protein blockade (Fig. 1C) . The correlation was less clear for Aire-repressed genes, raising the question of whether many of the suppressive effects might not be secondary. Performing the same series of analyses on Aire-KO mice demonstrated that most of I-BET151's influence on the MEC transcriptome was mediated through Aire: the mutant mice showed a reduced overall effect (Fig. 1D) and little evidence of a preferential influence on loci responsive to Aire (Fig. 1 E and F) . These results also indicate that I-BET151's effects were directly on Aire + MECs, and not through a thymocyte intermediary.
The strikingly selective effect of I-BET151 on Aire-dependent genes did not simply reflect an effect on Aire expression itself. Levels of Aire transcripts and protein, and the fraction of Aireexpressing MECs, were all indistinguishable for mice treated with inhibitor versus those treated with DMSO only (Fig. 1G) . Neither did I-BET151 appear to influence transcription of the BET family proteins expressed in MECs. Transcripts encoding BRDs 2, 3, and 4 could be detected above background, and their levels did not vary in the presence or absence of Aire with or without inhibitor treatment (Fig. 1H, Left) . It was possible to visualize Brd4 protein expression by flow cytometry and, again, neither the Aire nor the inhibitor status affected its expression levels (Figs. S1 and 1H, Right). Thus, blocking the function of BET family proteins, including Brd4, in MECs selectively inhibited the expression of Aire-dependent genes.
Aire Interacts with BD1 of Brd4. Next, we examined Aire interactions with individual BET family members. Because one can cleanly isolate only about 50,000 Aire-expressing MECs per mouse, it was not feasible to perform standard coimmunoprecipitation (co-IP) experiments on ex vivo cells. Therefore, for most of the experiments described here, we used 4D6 cells transfected with a plasmid driving expression of Flag-tagged Aire. 4D6 is a human MEC line that proved useful in many past studies on Aire function (e.g., refs. 12, 13, 25, and 26). The amount of plasmid transfected was carefully titered to ensure a physiologic level of expression and the usual punctate distribution of wild-type (WT) Aire within the nucleus (see following).
IP analysis of micrococcal-nuclease-treated nuclear extracts from Aire/Flag-transfected 4D6 cells using antibodies (Abs) recognizing Brd2-Brd4 confirmed that all of these BET family members were expressed in MECs, but co-IP analysis revealed that only Brd4 interacted substantially with Aire ( Fig. 2A) . This association was inhibited when the cells were pretreated with 3 μM I-BET151 for 6 h (Fig. 2B ). To identify which of Brd4's two bromodomains was involved in its interaction with Aire, we cotransfected 4D6 cells with plasmids driving expression of Flag-tagged Aire and WT or mutant V5-tagged Brd4 (see map in Fig. 2C , Upper). Point-mutations of both BD1 and BD2 known to block their binding to acetyllysine residues, but not to compromise Brd4's overall structure (27) , or the BD1 mutation alone, largely abolished the Aire:Brd4 In all relevant panels: ***P < 0.001, determined by two-tailed unpaired Student's t test.
interaction, whereas the single BD2 mutation did not (Fig. 2C , Middle and Lower).
The Aire:Brd4 Interaction Depends on a Series of Acetylated Lysine
Residues in Aire's CARD. Because Aire is known to undergo acetylation (28, 29), we wondered whether it binds directly to Brd4 via one or more of its acetyl-lysine residues. Co-IP of Aire with antiBrd4 was diminished by pretreatment of Aire/Flag-transfected 4D6 cells with C646, a specific inhibitor of the acetyl-transferase, CBP/ p300, and was augmented by the addition of trichostatin-A, a broad-range deacetylase inhibitor (Fig. 3A) . In addition, Aire could be co-IPed from 4D6 nuclear extracts with an anti-CBP Ab, consistent with data on other cell types (28, 30) , and this interaction appeared to be "upstream" (or independent) of Brd4 recruitment, as it could not be inhibited by I-BET151 (Fig. 3B) . As a first step in localizing the Aire acetyl-lysine residues critical for its binding to Brd4, we made use of an existing set of domaindeletion expression plasmids (26) In all relevant panels: P = ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; determined by two-tailed unpaired Student's t test. NLS, nuclear-localization signal.
( Fig. S2B) , suggesting that certain of the mutants had altered stabilities. Nonetheless, careful quantification of the amount of mutant protein co-IPed with Brd4 indicated that the Aire:Brd4 association did not depend critically on the SAND or PHD2 domains and that, above all, the CARD was essential (Figs. 3C, Right, and S2B). The importance of the CARD was confirmed using a directbinding assay. We added a Flag-tag to the Aire (1-107) fragment (Flag/CARD), expressed it in 4D6 cells, and purified it using anti-Flag magnetic beads (Fig. 3D, Left) . Each individual or the tandem Brd4 bromodomains were expressed in Escherichia coli as GST fusion proteins and were purified on glutathione Sepharose (Fig. 3D, Left-center) . Then, we incubated the isolated Flag/CARD with the bead-bound bromodomain-GST fusions and quantified specific binding by GST pull-down, followed by blotting with anti-Flag. In agreement with the above-cited results on Brd4 bromodomain point-mutants (Fig. 2C) and on Aire domain-deletion mutants (Fig. 3C) , BD1, but not BD2, of Brd4 directly interacted with Aire CARD (Fig. 3D, Right-center) . This association was inhibited by I-BET151, thereby suggesting that BD1 binds to one or more acetyl-lysines in the CARD. Indeed, probing the same blot, we could detect an enrichment in acetylated lysine residues in the CARD:BD1 co-IPed material vis a vis input CARD (Fig. 3D , Right-center and Right).
Hence, the CARD became our focus of attention, especially given that PHD1 does not contain any conserved lysine residues (Fig. 3E) . We generated a series of Aire mutants harboring a lysine→arginine (K→R) substitution, which prevents acetylation but maintains the positive charge, including mutations of K43, K51, K53, K84, and K103, the conserved lysines within the CARD; K112 and K115, also conserved but just outside the CARD; and the conserved K296 residue, close to PHD1. Acetylation of several of these lysine residues, including within the CARD, has been verified by mass spectrometry of AIRE-transfected COS-1 cells (29), which we subsequently confirmed for 4D6 cells. Co-IP analysis of 4D6 cells transfected with expression constructs corresponding to these mutants revealed a minimal effect of targeting the more carboxy-terminal lysines (K103, K112, K115, and K296) (Figs. 3F and S2C) ; stronger effects were observed with substitutions of the more amino-terminal CARD lysines (K43, K51, K53, and K84). Mutation of multiple of these four lysines had even greater effects, culminating in near-complete abrogation of the Aire:Brd4 interaction with the quadruple K43,51,53,84R (4K→R) mutant (Figs. 3G and S2D) . The lysineresidue mutants, including that with a quadruple substitution, all localized to the nucleus and accumulated in the typical nuclear speckles (Fig. S2E) . We also tested a set of lysine substitutions within and near the SAND domain (K245, K247, and K255) because these residues had previously been reported to be acetylated and to influence Aire's transcriptional potential (28) and found no significant effect of these mutations on Aire's ability to interact with Brd4. Probing anti-Flag IPs of mutant Aire/Flagtransfected cells with an Ab that recognizes acetyl-lysines indicated that acetylation within the CARD, in particular at the amino-terminal lysines, was an important site of this modification under our conditions (Fig. 3H) .
Phosphorylation of the Aire CARD Facilitates Nearby Acetylation to Promote Recruitment of Brd4. Aire is also known to be phosphorylated; specifically, T69 and S157 are targeted by DNA-dependent protein-kinase (DNA-PK) (31), which has been shown by multiple approaches to be a major Aire-interacting protein in both MECs and model cell lines (31) (32) (33) . Co-IP experiments using Aire/Flagtransfected 4D6 cells pretreated or not with the specific DNA-PK inhibitor, NU7441, revealed Aire's interaction with Brd4 to depend on a phosphorylation event mediated by this kinase (Fig.  4A) . The same was true for Aire's association with CBP (Fig. 4B) 
In accord with this notion, a double-alanine substitution at Aire's T69 and S157 positions and the single T69A mutation substantively reduced Aire's ability to associate with CBP; the single S157A mutation did not, however (Figs. 4C and S3A) . The three mutant Aire proteins were expressed at similar levels, localized to the nucleus, and accumulated in the characteristic nuclear speckles (Fig. S3B) . In contrast, co-IP experiments using an Ab recognizing the catalytic subunit of DNA-PK (DNA-PK cs ) showed no significant dampening of the Aire:DNA-PK interaction when either acetylation or phosphorylation was prevented by either inhibition or mutation (Fig. 4D) . This result is not surprising, given that Aire's binding to DNA-PK cs is thought to depend primarily on the PHD1 of Aire (31), and suggests that the Aire:DNA-PK interaction is "upstream" of the Aire:CBP association.
We hypothesized that phosphorylation of the T69 position in Aire's CARD by DNA-PK enables binding of CBP, which, in turn, acetylates multiple lysines in the CARD, promoting recruitment of Brd4. The T69A mutation greatly diminished Aire's ability to recruit Brd4 (Figs. 4E and S3C) , just as the quartet of CARD K→R substitutions had (Fig. 3G ). In addition, substitution of the four critical CARD lysines with a glutamine residue (4K→Q), which is noncharged and has been seen to mimic acetylated lysine in other contexts (e.g., refs. 28 and 35), partially rescued the T69A mutation (Figs. 4E and S3C ). The incomplete rescue might reflect only approximate mimicry of acetyl-lysine by glutamine in this context, or a role for T69 beyond binding of CBP. Similarly, mutation of T69 significantly, although partially, recapitulated the reduction in overall Aire acetylation seen with the 4K→R mutation (Figs. 4F and S3D). In summary: Aire's recruitment of Brd4 requires both phosphorylation and acetylation of its CARD, likely in sequence.
Mutations That Disrupt the Aire:Brd4 Interaction Also Impinge on the Aire:P-TEFb Association and on Mobilization of the Elongation and Splicing Machineries. Brd4 can be an important regulator of Pol-II pausing, releasing P-TEFb from an inactive complex with the transcriptional regulator, HEXIM1, and the 7SK small nuclear ribonuclear protein (snRNP) and bridging its interaction with chromatin by bromodomain-mediated binding to acetylated histones (19, 36) . We investigated whether, in an analogous fashion, Brd4 links Aire and P-TEFb, and thereby promotes release of paused Pol-II to induce Aire-dependent transcripts. First, we showed that Aire can be co-IPed from Aire/Flag-transfected 4D6 cells by an anti-CDK9 Ab (Fig. 5A ). The Aire:CDK9 association was sensitive to I-BET151, as well as to the CBP and DNA-PK small-molecule inhibitors (Fig. 5A) . The triple and quadruple Aire CARD K→R substitutions and the phosphorylation-site T69A mutation also compromised Aire's interaction with CDK9 (Figs. 5B and S4) .
Second, we looked at the effect of I-BET151 in a broader context. We previously reported that Aire interacts, either directly or indirectly, with more than 40 proteins, falling into four functional classes: nuclear transport, chromatin binding/structure, transcription, and pre-mRNA processing (Fig. 5C, reprinted from ref. 32) . Therefore, we addressed potential radiating consequences of the Aire:Brd4 interaction by choosing various members of the latter two classes of Aire associates and determining how I-BET151 influenced their partnership with Aire (in Flag/Aire-transfected HEK293T cells, as the published biochemistry had been done on this line) (Fig. 5D) . Disruption of the Aire:Brd4 interaction did not substantially inhibit Aire's association with DNA-PK cs or Ku80, consistent with the data of Fig. 4D and with the notion that DNA-PK is one of the first Aire partners to be mobilized (32) . However, association of Aire with all the other proteins examined was severely compromised by bromodomain blockade, suggesting that they were recruited to Aire downstream of the Aire:Brd4 interaction. Thus, Brd4 appears to bridge Aire and P-TEFb, mobilizing the elongation and splicing machinery in consequence.
We performed ChIP-seq analysis to obtain a genome-wide view of how Aire influences the chromatin distribution of Brd4 in 4D6 cells. An Aire-expression or a control plasmid was transfected into 4D6 cells, the cells were treated with I-BET151 or DMSO, and 48 h posttransfection, the chromatin was crosslinked, sheared, and IPed with an anti-Brd4 Ab. (Note: Aire ChIP-seq on this cell line was not interpretable because of the low signals obtained, and both Brd4 and Aire ChIP-seq on ex vivo MECs was precluded by inadequate cell numbers.) Plotting the Brd4 signal rank-order versus Aire's effect on Brd4 binding revealed, first, that robust Brd4 signals were found predominantly at the transcriptional start-sites (TSSs), but also distally, >10 kb upstream of the TSS. Second, the effect of Aire on the Brd4 signal differed strikingly according to its genomic placement: At the TSS, Aire dampened the Brd4 signal, whereas far upstream, it enhanced it (Fig. 5E) . It was also of interest to incorporate I-BET151 sensitivity into the picture because, as we demonstrated in Fig. 1C , expression of Aire-induced genes is particularly sensitive to this drug and because so-called "super-enhancers" laden with Mediator, Brd4, Pol-II, and other transcriptional regulators are also highly sensitive to BET-family blockers (37-39). Interestingly, according to the FC/FC plot of Fig. 5F , the far-upstream Brd4 signals most inhibited by I-BET151 were also those most enhanced by Aire; this relationship was less evident for the Brd4 signals around the TSS. In conclusion, then, the consequences of the Aire:Brd4 interaction radiate broadly to drive transcriptional elongation and associated events.
The Aire:Brd4 Interaction Is Required for Optimum Aire-Induced Transcription in MECs and for Effective Immunologic Tolerance. Last, we probed the immunologic consequences of disrupting the Aire: Brd4 interaction, initially examining PTA gene transcription. Increasing amounts of the plasmids driving expression of WT Aire or the quadruple K→R mutation were transfected into 4D6 cells, the resulting Aire protein levels were quantified, and expression of a set of genes known to be up-regulated by Aire in 4D6 cells (and of GAPDH as a control, Aire-independent locus) was measured by RT-PCR (Fig. 6A) . A titration analysis indicated that expression of all of the Aire-induced genes, but not that of GAPDH, was inhibited by mutating the lysine residues in Aire's CARD (Fig.  6B) . A previous study also reported a strong effect of mutating the CARD's threonine phosphorylation site on Aire-induced transcription (31) .
Next, we evaluated clonal deletion of self-reactive thymocytes, focusing on an Aire-dependent CD4 + T-cell specificity recognizing peptide 294-306 of the retina-specific protein, interphotoreceptor retinoid-binding protein (IRBP) (8) (Fig. 6 C and D) . No effect on CD4/8 splits of thymocytes was observed (Fig. 6E) , arguing against general compound-induced toxicity. This conclusion was solidified by the fact that I-BET151 had no detectable effect on selection of an Aire-independent T-cell specificity, A b :IRBP(786-797) (8) (Fig. 6  C and D) .
Finally, we wondered to what extent a defect in Aire:Brd4 binding could account for the disease-provoking effects of certain APECED point-mutations. We had already shown that the T69A substitution, which interferes with an important phosphorylation event, strongly inhibited the association of Aire and Brd4 (Fig. 4E) , while permitting formation of the typical punctate nuclear structures (Fig. S3B) . We now examined six additional CARD-localized point-mutations known to occur in patients with APECED. Two of the mutations, L29P and W79R, disturbed Aire's nuclear: cytoplasmic distribution, as well as its concentration within nuclear speckles (Fig. S5A) . Not surprisingly, then, these alterations also inhibited Aire:Brd4 interaction (Figs. S5B and 6F) . The mutations Y86C and Y91C joined T69A in strongly inhibiting the association between Aire and Brd4 while not affecting Aire's distribution in the nucleus (Fig. 6F) . Interestingly, although the K84E mutation is located at a functionally important acetylation site (Fig. 3F) , it actually enhanced Aire:Brd4 interaction, perhaps because the Fig. 3H , except that the effect of T69A single-and T69A/S157A double-mutations on levels of Aire acetyl-lysine was quantified. Mean ± SD from three experiments. Example data are in Fig. S3D . All relevant panels: *P < 0.05; **P < 0.001; ***P < 0.001; determined by two-tailed unpaired Student's t test.
negative charge partially mimicked acetylation of the K residue, as had been seen with the 4K→Q mutation. Thus, multiple patients with APECED carry single point-mutations that exert strong effects on Aire:Brd4 binding and thus could, in and of themselves, explain the loss of immunologic tolerance.
Discussion
The means by which Aire induces the transcription of thousands of genes in MECS, in particular loci encoding PTAs, has intrigued investigators for more than a decade. At the outset of this study, diverse lines of evidence had argued that Aire's primary mechanism of action is to promote elongation of Pol-II stalled just downstream of the TSS (11) (12) (13) . The present study furnishes molecular insight into the mechanisms by which Aire releases polymerase pausing: Brd4 serves as a critical bridge between Aire and P-TEFb, thereby mobilizing the transcriptional elongation and splicing machineries. Three points in particular merit more profound discussion: the striking specificity of I-BET151's effect on the MEC transcriptome, the highly orchestrated mechanistic scenario we uncovered, and the implications for immunomodulatory cancer therapy.
There was an impressive correspondence between those MEC genes whose transcription was augmented by Aire and those whose expression was inhibited by I-BET151. On first consideration, this observation is surprising, given that Brd4 is a general transcription factor that participates in the regulation of many loci in mammals. The explanation may lie in the concept of "superenhancers," first advanced by Young et al. (40) . Superenhancers are defined as remarkably long enhancers that host an exceptionally high density of transcription factors, both cell-type-specific and general, such as Mediator, p300/CBP, Brd4, and Pol-II. They are proposed to serve as depots for effective collection of regulators and their coordinate delivery to the TSS by chromosomal looping or by interchromosomal interactions. Superenhancers are preferentially associated with genes that define and control the biology of particular cell types and are characterized by an unusually high sensitivity to BET-bromodomain blockers (37) (38) (39) . These two factors most likely explain how this class of drug can have unexpectedly specific effects, notably in the context of a number of cancers. Thus, it could be that the specific targeting of Aire-induced genes by I-BET151 reflects their association with and regulation by superenhancers. This notion would be consistent with the high fraction of Aire-induced loci that encode proteins characteristic of terminally differentiated cell types. It would also be in accord with our finding that Aire's effect on Brd4 binding to far-upstream sequences is strongest at those sites most sensitive to I-BET151 inhibition. Indeed, a scenario entailing superenhancers could explain the observation that Brd4 signals were decreased at that TSS (reflecting release of Pol-II pausing) but increased far upstream (reflecting promotion of superenhancers) in the presence of Aire. Nonetheless, other scenarios remain possible.
Traditionally, Brd4's effect on transcription has been thought to reflect its binding to histone acetyl-lysine residues, as a so-called "histone reader" (41, 42) . Analogously, the influence of bromodomain blockers such as I-BET151 on Brd4's function has generally been attributed to perturbation of Brd4 interactions with acetylated histones (41, 42) . However, our data point to a critical interaction between acetylated lysine residues in the CARD of Aire and the amino-terminal bromodomain, BD1, of Brd4. A higher-level, perhaps dynamic (22) , tripartite interaction among Brd4, Aire, and acetylated histones remains possible, given that Aire's PHD1 binds to the eight amino-terminal residues of unmodified histone H3 (26, 43) . Indeed, such a structure might explain the strong dependence of the Aire:Brd4 interaction on Aire's PHD1 (Fig. 3C) . Interaction networks incorporating Brd4's bromodomains and acetylated histones have been detected by X-ray crystallography (44) .
The mechanistic scenario suggested by our studies is illustrated in Fig. S6 . As we previously reported (32) , and was confirmed by independent means (33), DNA-PK is an early partner in Aire's activities. This kinase also phosphorylates Aire at T69 and S157 (31) ; the former residue is located within the CARD and is required for binding of CBP (Fig. 4C) , an acetyl-transferase that can modify multiple nearby residues in the CARD (Fig. 3 E-G) . Aire CARD multiacetylation enables the recruitment of Brd4, commandeering of P-TEFb, and mobilization of the transcriptional elongation and splicing machineries. Although a previous report (28) argued for important CBP-mediated acetylation events within and in the vicinity of the SAND domain, and we also detected these modifications in mass spectrometry analysis, we found them not to be involved in Aire's association with Brd4. The scenario we have constructed highlights the critical nature of Aire's CARD beyond the oligomerization role originally attributed to it (45) . This functional importance jibes with observations that the CARD is the most conserved stretch of Aire and that two-thirds of APECED mutations fall within this domain (46) . Aire's CARD has the potential for multiacetylation, with the four amino-terminal lysines seemingly most important. It is intriguing that a single bromodomain needs multiple modified lysine residues for maximum interaction. This requirement could reflect the aforementioned interaction networks (44) , cooperative binding of nearby histone marks by a single bromodomain, as has been described for recognition of H4 by another BET-family member, Brdt (47), a dynamic series of acetylations, or perhaps an alteration in tertiary structure.
It is clear, then, that Aire:Brd4 interaction is at the crux of Aire control of MEC gene transcription and, thereby, immunologic tolerance. Manipulation of this association may have therapeutic applications, in particular in the context of cancer. Two recent studies highlighted Aire's ability to regulate antitumor responses by promoting either negative selection of effector T cells (48) or positive selection of regulatory T cells (9) . It will be interesting to see whether the potent antitumor effects of bromodomain blockers already documented in a number of contexts and anticipated in multiple ongoing clinical trials are at least partially the result of unleashing an immune response against the tumor previously dampened by Aire-dependent tolerance induction in the thymus.
Materials and Methods
Inhibitors. I-BET151 (GSK1210151A) was synthesized to >99.5% purity, as previously described (24) . Other inhibitors were purchased: NU7441 from Santa Cruz Biotechnology and C646 (SML0002) and Trichostatin A (T1952) from Sigma-Aldrich.
Mice. All mice were housed under specific-pathogen-free conditions at Harvard Medical School's Center for Animal Resources and Comparative Medicine. Relevant studies were conducted in accordance with both GlaxoSmithKline and Harvard policies (Institutional Animal Care and Use Committee protocol 2954). Aire-KO and Aire-WT littermates (3) were kept on the C57BL/6 genetic background. For Fig. 1 experiments, mice aged 4-6 wk were injected ip with 10 mg/kg I-BET151 dissolved in 50% (vol/vol) DMSO in PBS once a day for 3 d. Twelve to 16 h after the final injection, they were killed and their thymus removed. For MEC Isolation and Intracellular Aire and Brd4 Staining. Suspensions of thymic stromal cells were prepared and stained as previously described (32) and detailed in the SI Materials and Methods.
Gene-Expression Profiling. Detailed methods have been reported (49) . Total RNA was isolated from sorted MECs using TRIzol (Life Technologies). cRNA was hybridized to Affymetrix ST1.0 microarrays. Raw data were processed with the RMA (robust multiarray average) algorithm for probe-level normalization and were analyzed using GenePattern software (Broad Institute). Genes whose expression was more than twofold up-or down-regulated in MECs from vehicle-treated Aire-WT (n = 4) versus Aire-KO (n = 4) mice constituted the Aire "up" and "down" signatures.
Cell Culture and Transfection. 4D6 cells were cultured and transfected with WT and various mutant Aire-expression constructs, as detailed in the SI Materials and Methods. In certain experiments, inhibitors were added: I-BET151 at 3 μM, C646 at 25 μM, Trichostatin A at 50 nM, or NU7441 at 1 μM. Plasmids driving expression of full-length murine Aire (Flag-tagged at the carboxylterminal end) or of domain-deleted Aire were described previously (26) . Plasmids encoding point-mutated Aire were constructed by PCR-mediated site-directed mutagenesis (primers listed in the SI Materials and Methods) (50) . PCR fragments containing the mutations were cloned into the WT Aireexpression plasmid between the NheI and EcoRI sites (except for the K296R mutant) or the BstXI and NotI sites (for K296R). All mutations and associated sequences were confirmed by DNA sequencing. For the expression of human Brd4 molecules, plasmids containing Brd4 (tagged with V5 at the carboxylterminal end) harboring either WT or mutant bromodomains were constructed as follows: cDNA for the human BRD4 gene was PCR amplified from human testis Marathon-ready cDNA (Clontech) and subcloned into pcDNA3. ID/TOPO V5-His vector. The gene was then mutated using splice-by-overlap extension PCR to introduce the Y97A/Y390A mutations to inactivate the bromodomains. The WT and mutated genes were finally cloned between the BamHI and NotI sites (excising EGFP) of pEGFP-N1 (Clontech). All mutations and associated sequences were confirmed by DNA sequencing.
HEK293T cells were cultured in DMEM supplemented with 10% (vol/vol) FBS, L-glutamate, and pen/strep antibiotics and maintained in a humidified atmosphere at 37°C with 5% CO 2 . For transfection, around 4 × 10 6 cells were seeded in 10-cm tissue culture plates and transfected with pCMV-Tag1 (Clontech) carrying Flag-tagged murine Aire, using TransIT reagent (Mirus) according to the manufacturer's instructions.
IPs and Western Blotting. Detailed methods for 4D6 cells can be found in the SI Materials and Methods. IPs and Western blotting on HEK293T cells were performed as previously described (49) . Abs are listed in the SI Materials and Methods. Aire CARD:Brd4 bromodomain direct binding analyses are detailed in the SI Materials and Methods. In brief: Brd4 bromodomains (BD1, BD2, BD1+2) were expressed in and purified from E. coli as GST fusion proteins; Flag/CARD [Aire (1-107)] was expressed in and purified from 4D6 cells. Flag/CARD was incubated with bead-bound BD-GST fusion proteins, specifically bound material was eluted, and associated Aire fragment was visualized by Western blotting.
qPCR. 4D6 cells were harvested 40 h after transfection. Total RNA was isolated using TRIzol (Life Technologies), and was reverse-transcribed using oligo(dT) and SuperScript II (Life Technologies). qPCR was performed using Power SYBR Green PCR Master Mix (Life Technologies), using the 7900HT Fast Real-Time PCR System (Life Technologies) for PCR and signal detection. Primers are listed in the SI Materials and Methods.
